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SUMMARY
Parasite burden varies widely between individuals within a population, and can covary with multiple aspects of individual
phenotype. Here we investigate the sources of variation in faecal strongyle eggs counts, and its association with body weight
and a suite of haematological measures, in a cohort of indigenous zebu calves in Western Kenya, using relatedness matrices
reconstructed from single nucleotide polymorphism (SNP) genotypes. Strongyle egg count was heritable (h2 = 23·9%,
S.E. = 11·8%) and we also found heritability of white blood cell counts (WBC) (h2 = 27·6%, S.E. = 10·6%). All the traits
investigated showed negative phenotypic covariances with strongyle egg count throughout the ﬁrst year: high worm counts
were associated with low values of WBC, red blood cell count, total serum protein and absolute eosinophil count.
Furthermore, calf bodyweight at 1 week old was a signiﬁcant predictor of strongyle EPG at 16–51 weeks, with smaller calves
having a higher strongyle egg count later in life. Our results indicate a genetic basis to strongyle EPG in this population, and
also reveal consistently strong negative associations between strongyle infection and other important aspects of the
multivariate phenotype.
Key words: gastrointestinal parasite infection, strongyle, indigenous cattle, Kenya, heritability, haematology.
INTRODUCTION
Gastrointestinal parasite infections of livestock are
responsible for large economic losses in pastoral sys-
tems (Keyyu et al. 2003). They reduce weight gain
and fertility, and may even cause direct losses
through mortality (Wymann et al. 2008). Reduction
of gastrointestinal parasite infections would therefore
improve animal health and remove some of the con-
straints on livestock enterprises in developing
countries, thereby reducing poverty (Perry and
Sones, 2007). However, management of parasite
infection requires an understanding of the causes of
variation in parasite burdens, variation which can be
substantial even between individuals within a popu-
lation. For example, in indigenous East African
Shorthorn Zebu (Bos indicus, EASZ) calves in
Western Kenya, most individuals experience an ap-
parently low level of strongyle worm infection, whilst
others experience a high worm burden and suﬀer
severe consequences (Thumbi et al. 2013a). In this
paper, we explore possible causes of this variation,
and quantify its covariation with other variables.
Strongyles are a group of nematode gut
worms which produce morphologically similar eggs.
Strongyle-type eggs include the species Haemonchus
placei, Trichostrongylus axei and Oesophagostomum
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radiatum (Urquhart et al. 1996). The most common
method used to quantify worm burden is a count of
the number of strongyle eggs per gramme of faeces
(EPG), a non-invasive, relatively easily measured
variable. It has been shown that faecal egg counts
(FECs) are a good index of parasite burden in
Australian cattle, although the relationship between
the two may not be exactly linear (Bryan and Kerr,
1989). Variation in strongyle FEC can be due to a
variation in susceptibility, resistance, tolerance or
exposure to infection by strongyle worms. Evidence
from other domestic ungulates suggests that variation
in strongyle FEC frequently has a heritable genetic
basis: for example, FEC has a heritability of 18%
(95% CI = 0·10–0·25) in West African N’Dama cattle
(Zinsstag et al. 2000), and the heritability is approxi-
mately 30% in many other cattle breeds (Stear et al.
1988, 1990; Leighton et al. 1989). Similarly, stron-
gyle EPG in Scottish Blackface sheep lambs has a
heritability of 32% (Riggio et al. (2013); see also
Beraldi et al. (2007); Crawford et al. (2006)).
In addition to additive genetic eﬀects, there may
also be consistent environmental-based causes of vari-
ation in parasite burden between individuals. These
‘permanent environmental eﬀects’ comprise all
variance of non-(additive) genetic origin that persist
throughout an individual’s life-time, and so for
example may include long-running eﬀects of ma-
ternal environment or of how an individual was raised
and housed: for instance, in a feral Soay sheep popu-
lation, lambs born as twins or born to very young or
old mothers have higher parasite burdens than those
born as singletons or to prime-age mothers (Hayward
et al. 2010). Stear et al. (1996) also found higher
parasite burdens in Scottish Blackface sheep twins in
comparison to singletons. The physical environment
that an individual resides in will also be important
for determining its exposure to a particular pathogen,
which in turn can aﬀect the burden of infection ob-
served (e.g. Batchelor et al. 2009). Finally, there may
be variation between measures made on an individual
at diﬀerent time points, due to, for example, eﬀects
of ageing, immediate climatic eﬀects or simply
stochastic variation and measurement error.
Variation in parasite burden may also have im-
plications for the expression of other important traits,
especially if parasite resistance is costly and may
therefore be traded oﬀ against investment in other
traits (Norris and Evans, 2000). Such associations can
be quantiﬁed within individuals by looking at the
covariation of parasite burden and other traits, for
examplemorphological variables such as growth rates
or weight, or physiological variables, such as haema-
tological parameters, to test for any costs associated
with high parasite burdens (e.g. Coltman et al. 2001).
In particular, one of the strongyle species, H. placei,
is an important cause of anaemia in ruminants
(Kaufmann et al. 1992): Conradie van Wyk et al.
(2013) and Vanimisetti et al. (2004) have shown
negative correlations between parasite burden and
various haematological parameters in EASZ and
sheep. Finally, it is possible that an individual’s
phenotype at birth may inﬂuence their infection risk
later in life. For example, in humans, babies that have
a lower birth weight are more likely to develop lower
respiratory tract infections when they are coinfected
with hand, foot and mouth disease (Lu et al. 2013).
Likewise, Read et al. (1994) showed there is a higher
risk of childhood infectious disease mortality in lower
birth weight babies than heavier ones.
Traditionally, pedigree information has been
used to estimate quantitative genetic parameters
such as the heritability of a trait (Falconer and
Mackay, 1996). More recently, the development of
high density SNP beadchips means that novel
alternative approaches can be used without reference
to pedigree records (Yang et al. 2010; Visscher et al.
2014). This has reduced previous constraints faced
during estimation of heritability in wild populations
due to the lack of accuracy and completeness of the
pedigree (Pemberton 2008). Bérénos et al. (2014)
compared heritability estimates produced from using
both pedigrees and SNPs from related Soay sheep
and demonstrated that heritability estimates obtained
from dense SNP data are in correspondence with
pedigree estimates.
The Infectious Diseases of East African Livestock
(IDEAL) project (Bronsvoort et al. 2013) provides a
unique opportunity to study natural variation and
covariation in strongyle EPG in indigenous EASZ
from Western Kenya. Cattle in this region are mini-
mally managed and there is very limited use of vac-
cination or other preventative measures against
infectious diseases. Therefore the study population
is similar to a wild population in that, unlike other
estimates of genetic variation in FEC in domestic
populations (e.g. Bishop et al. (1996)), animals have
not been treated for anthelmintics (those individuals
which were treated with anthelmintics were retro-
spectively removed from the cohort as part of the
IDEAL study design); variation therefore reﬂects
natural diversity in parasite burden. Calves were en-
rolled in the study at birth and their infectious disease
burden, haematological proﬁles and growth were
tracked for the ﬁrst year of life (Conradie van Wyk
et al. 2012; Bronsvoort et al. 2013). Strongyle worm
burdens (assessed via EPG) have a major impact
upon the calves in the study population: for example,
an increase in strongyle EPG by a count of 1000 eggs
is associated with a 3·3% reduction in weight
gain over the ﬁrst year (Thumbi et al. 2013b), and
an increase in the hazard of death by 1·5 (95%
CI = 1·4–1·7, P<0·001; Thumbi et al. (2013a)).
Moreover, genome-wide genetic information is
available in the form of SNPs as each calf enrolled
in the IDEAL project was genotyped with a 50K
Illumina® BovineSNP50 beadchip (Murray et al.
2013; Mbole-Kariuki et al. 2014), providing the
500R. Callaby and others
opportunity to exploit this information to estimate
a relatedness matrix and thereby derive estimates
of variance components, including additive genetic
variance of diﬀerent traits.
Our aim in this study is to dissect the potential
genetic and non-genetic sources of between- and
within-individual level variation in strongyle EPG.
We present a multivariate analysis of associations
between strongyle EPG, body size and a suite of
haematological measures. We quantiﬁed the variance
components of ﬁve physiological traits and their
covariation with strongyle EPG. Finally we investi-
gated whether the characteristics of newborn calves
could be used to predict subsequent EPG levels, by
looking at the association between weight at birth and
strongyle EPG later in life.
MATERIALS AND METHODS
Study population
Five hundred and forty-eight free-grazing indigen-
ous EASZ calves in Western Kenya were selected
using a stratiﬁed two-stage random cluster study
design. In the ﬁrst stage, 20 sublocations (the smallest
administrative unit in Kenya) were selected from ﬁve
agro-ecological zones, across an area of roughly
45×90 km. Around 28 3–7-day-old calves were
recruited from each sublocation, all from diﬀerent
mothers and diﬀerent farms; see Bronsvoort et al.
(2013) for a detailed description of the study design.
Recruited calves were followed for their ﬁrst year of
life. They were visited every 5 weeks for a clinical
examination at which they were weighed and blood
and faecal samples were taken for parasite identiﬁca-
tion and haematological proﬁling. A total of 446
calves that survived to 51 weeks of age (and had
passed the SNP quality control checks, see SNP
quality control section below) were included in this
analysis, giving a total of 4727 observations and an
average of 10·6 visits per calf.
Data collection
The McMaster counting technique (Hansen and
Perry, 1994) was performed on the faecal samples
from each visit to each calf to quantify the number of
strongyle eggs per gramme of faeces (EPG) present.
We refer to our measurement of strongyle faecal egg
count as EPG (eggs per gramme); though note that
this may also be referred to as FEC in the literature.
The other traits considered in this study were:
white blood cell count (WBC), red blood cell count
(RBC), total serum protein (TSP), absolute eosino-
phil count (EO) and body weight. Blood cell analysis
was automatically performed using the pocH-100iV
Diﬀ (Sysmex® Europe GMBG); see Conradie
van Wyk et al. (2012) for more details. Haematol-
ogical proﬁles were produced for the total WBC and
RBC. TSPwas determined using a refractometer and
EO was quantiﬁed by diﬀerential counts from thin
EDTA blood smears stained with Diﬀ Quick.
Previous studies have shown that higher RBC and
heavier body weights are associated with lower FECs
(Conradie van Wyk et al. 2013; Thumbi et al. 2013b;
Vanimisetti et al. 2004).
Calves were weighed (in kilogrammes, measured to
the nearest 500 g) at recruitment, then again every
5 weeks until 31 weeks of age, and once again at a
last visit at 51 weeks. The number of observations for
each trait is presented in Table 1.
SNP quality control and construction of the
relationship matrix
All calves were genotyped using a 50K Illumina®
BovineSNP50 beadchip v.1. The beadchip contained
55 777 SNPs before quality control, spread evenly
throughout the genome with an average of 1895
SNPs on each autosome and 1362 SNPs on the X
chromosome (Murray et al. 2013). Quality control
was applied to all SNP data prior to analysis using
GenABEL (Aulchenko et al. 2007), with the follow-
ing criteria: SNP call rate cut-oﬀ of 0·9; individual
call rate of 0·9 and an identity by state (IBS) threshold
cut-oﬀ of 0·9. The IBS threshold means that if a pair
of individuals is estimated to be exceptionally highly
related (e.g. identical twins) then one of the indivi-
duals would be removed. The minimum minor allele
frequency for SNPs was set to 0·005, to include
all SNPs with a minor allele count of 5 or more. Any
X chromosome genotypes that were inconsistent with
the phenotype were removed. This quality control
resulted in 42119 autosomal and X markers (41419
autosomal markers plus 700 X markers) and 446
calves for analysis. We explored the eﬀect of varying
the quality control parameters and the number of
SNPs included in the IBS matrix on the resulting
estimates of heritability; details are given in
Supplementary Tables 1 and 2; in general, estimates
of heritability for strongyle EPG increased with
increasing marker density. Plots of the distribution of
the minor allele frequencies at SNP markers and the
association between linkage disequilibrium and the
distance between pairs of SNPs are presented in
Supplementary Figure 1.
All SNPs and calves which passed the quality con-
trol checks were then used to construct an identity-
by-state matrix in GenABEL (Aulchenko et al. 2007)
using the allele frequency weighted option, giving the
kinship coeﬃcients for use in the variance component
and heritability analyses described below. The av-
erage genomic estimate of kinship between calves as
given by the IBS matrix ranged from −0·02 to 0·24.
Three pairs of calves had a genomic estimate of rela-
tedness greater than 0·2 and6pairs of calves had a gen-
omic estimate of relatedness between 0·15 and 0·2.
Approximately 20% of the calves in the IDEAL
study cohort were shown to have some level of
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introgression from European taurine (ET) cattle,
although calves that were ﬁrst generation oﬀspring
from ET were explicitly excluded from the study
(Bronsvoort et al. 2013; Mbole-Kariuki et al. 2014).
These calves with lower levels of ET introgression
were included in our study since the aim of the study
was to describe the components of variation in
strongyle EPG in the population. The eﬀect of ex-
cluding the introgressed calves on the heritability
estimates is presented in the supplementary materials
(Supplementary Table 3).
Statistical analysis
Trait distributions. In order to account for the dis-
tribution of the strongyle EPG counts, we used
generalized linear mixed models (GLMMs) with a
negative binomial distribution and log link function;
as observations of strongyle EPG were in multiples
of 50, they were ﬁrst divided by 50 so that the
data resemble typical count data. Note that estimates
of variance components for EPG are therefore on a
latent scale rather than on the original data scale
(Nakagawa and Schielzeth, 2010). All other variables
were analysed assuming Gaussian distributions.
Body weight was ﬁrst transformed to log10 (weight)
and EO to log10 (EO+1) to account for their slightly
skewed distribution.
A signiﬁcant increase in RBC was found between
the calves aged 1 vs aged 6 weeks old, followed by a
general decreasing trend in calves aged 6–51 weeks
(Supplementary Figure 2 and Conradie van Wyk
et al. 2012). We therefore focused our analysis of
RBC on calves aged 6–51 weeks old for RBC.
Removal of the records from 1-week-old calves did
not aﬀect the direction of associations observed and
only resulted in small changes to the variance and
heritability estimates.
Random eﬀects and variance components estimation.
We used an animal model to estimate the variance
components of each trait (Lynch and Walsh, 1998;
Kruuk 2004). Animal models are a form of mixed
model, with ﬁxed and random eﬀects, that can break
phenotypic variation down into the diﬀerent compo-
nents via a model of the form:
y = Xb+ Za+ Pc+ Sd+ e
where y is the phenotype of interest and b is a vector
of ﬁxed eﬀects that are unknown constants that aﬀect
the mean of the distribution. The random eﬀects,
which determine the variance of the trait, were ad-
ditive genetic (a), permanent environment (c), sub-
location (d) and residual eﬀects (e). In particular, a is
a vector associated with the identity-by-state matrix
(see Visscher et al. (2008) and Powell et al. (2010)
for more details on calculating heritabilities using
identity-by-state matrices rather than pedigrees) and
is derived from the principle that if a trait has a highT
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degree of genetic variance relative to its other com-
ponents of variance, pairs of relatives will have high
phenotypic similarity. X, Z, P and S are all design
matrixes corresponding to the appropriate ﬁxed or
random eﬀects. Permanent environmental eﬀects are
measurable because of the repeated observations on
the same individual; this between-individual vari-
ation is likely to result from long-term environmental
or non-additive genetic eﬀects, and in this case will
probably incorporate most of any maternal eﬀects
(Kruuk and Hadﬁeld, 2007). The total phenotypic
variance (VP) for a trait was therefore broken down
into the additive genetic variance (VA), permanent
environmental variance (VPE), sublocation variance
(VSL) and residual variance (VR):
VP = VA +VPE +VSL +VR
The narrow-sense heritability of a trait (h2) is
deﬁned as the proportion of phenotypic variance (VP)
explained by the additive genetic variance (VA),
h2=VA/VP. It describes the extent to which diﬀer-
ences between individuals are determined by additive
genetic eﬀects (Falconer and Mackay, 1996). We also
report the repeatability (r2) of each trait, deﬁned
as the proportion of the phenotypic variance due to
consistent diﬀerences between individuals and is
given by the ratio of the between individual variance
to the total variance, r2 = (VA +VPE +VSL)/VP.
The covariances between traits can be investigated
using multivariate models. By extending the above
approach of variance partitioning to multiple traits,
and linking them through a covariance term in the
random eﬀects, we can ask how much of the pheno-
typic covariance (COVP) between traits is due to
covariance of the diﬀerent random eﬀects described
above, for example covariance in the permanent en-
vironment eﬀects (COVPE).
All statistical analyses were carried out in ASReml
version 3.0.5 (Gilmore et al. 2006).
Components of variation in strongyle EPG.
Estimation of the components of variance of stron-
gyle EPG at each visit indicated that there was
insuﬃcient statistical power to analyse measures at
every visit separately. In order to overcome this, we
used a univariate animal model ﬁtted with a negative
binomial distribution to estimate the heritability of
strongyle EPG across all ages. Age (as a multi-level
factor) was ﬁtted as a ﬁxed eﬀect to account for
changes across visits in mean EPG with age. Sex was
also included in this model as a ﬁxed eﬀect and VA,
VPE and VSL were ﬁtted as random eﬀects. Unlike
other studies which have estimated genetic variation
in FEC in domestic animals (e.g. Bishop et al.
(1996)), individuals in this study population have not
been treated with anthelmintics, and so represent
natural levels of variation. Repeated observations on
individuals are therefore not necessarily independent
assessments of resistance, because nematodes might
persist between sample dates. However our mixed
models account for the repeated measures structure
of the data by ﬁtting a permanent environment eﬀect,
deﬁning the number of individuals as the appropriate
number of independent observations (Kruuk and
Hadﬁeld 2007).
The signiﬁcance ofVAwas evaluated by comparing
the component estimate to the standard error, as it
is not advisable to carry out likelihood ratio tests
(LRTs) for GLMMs with negative binomial errors
in ASReml (Gilmore et al. 2006). Finally, for com-
parison with previous studies which have analysed
FECs assuming Gaussian errors (Stear et al. 1990;
Bishop et al. 1996; Coltman et al. 2001; Beraldi
et al. 2007), we also present analyses of linear
mixed models assuming a normal distribution of
log10 (strongyle EPG+50). These results are pre-
sented in the supplementary materials.
Components of variation in physiological traits. The
components of variance in the physiological traits
were examined by constructing a univariate Gaussian
repeated measures animal model for each trait. As
above, age and sex were included as ﬁxed eﬀects, and
VA, VPE and VSL were ﬁtted as random eﬀects in all
models. The signiﬁcance of VA for each trait was as-
sessed with a LRT comparing the full animal model
to one in which the additive genetic variance was set
to zero.
Associations between strongyle infection and physiologi-
cal traits. We assessed associations between stron-
gyle infection and the physiological traits (and body
size) in three diﬀerent ways, by: (1) testing whether
infection aﬀected mean levels of the physiological
traits; (2) testing whether size at birth predicted levels
of strongyle infection later in life; and (3) assessing
components of covariance between all traits.
The eﬀects of strongyle infection on the phy-
siological traits were therefore ﬁrst quantiﬁed by
univariate animal models with the trait as the re-
sponse variable and explanatory variables of age at
visit, calf sex and strongyle EPG classiﬁed into two
categories of ‘high’ and ‘low’EPG. A ‘high’ strongyle
EPG was deﬁned as a value above the median
strongyle EPG across all visits (200 EPG), and a
‘low’ strongyle EPG one below the median. This
categorization was chosen to reﬂect the non-linearity
in eﬀect of strongyle EPG estimate of eﬀect
(Conradie van Wyk et al. 2013). All of the explana-
tory variables were coded as factors and VA,VPE and
VSL were ﬁtted as random eﬀects.
Secondly, we tested whether a calf’s phenotype
very early in life was an informative predictor of
our index of infection burden, EPG, later in life, and
speciﬁcally whether the calf’s recruitment weight
predicted strongyle EPG later in the ﬁrst year of life.
This was achieved by constructing a univariate
animal model with a negative binomial distribution
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to evaluate the eﬀect of calf weight at recruitment
(when the calf is less than 1 week old) on strongyle
EPG in older calves (aged 16–51 weeks, following a
plateau in median strongyle EPG after 16 weeks,
Figure 1). This model includes calf age and sex as
ﬁxed eﬀects and VA, VPE and VSL as random eﬀects.
The magnitude and directionality of association
between the trait and strongyle EPG is given by the
parameter estimate, whilst its signiﬁcance was
assessed using Wald F statistics.
Thirdly, the covariances and correlations between
strongyle EPG and the physiological traits were
assessed by constructing a multivariate model of all
six traits (strongyle EPG, WBC, RBC, TSP, EO
and weight), using measures across the whole year for
all traits. Calf age and sex were included as ﬁxed
eﬀects and strongyle EPG was ﬁtted with a negative
binomial error distribution, whilst the other traits
were ﬁtted with a Gaussian error distribution. The
resulting six-trait multivariate model was computa-
tionally much more demanding than the univariate
models described above, due to the much greater
number of parameters (an extra 80 parameters) being
estimated. We therefore had to take several steps
to facilitate reliable convergence. Firstly, we were
unable to separate between-individual diﬀerences
into genetic vs permanent environment eﬀects, so
we restricted the analysis to separating between- vs
within-individual-level variances and covariances,
omitting the genetic relationship matrix from the
model. By only including calf identity as a random
eﬀect, we obtained estimates of the individual-
(phenotypic-) level variance, which reﬂects consist-
ent diﬀerences between individuals; similarly,
the model partitions the total phenotypic covariance
between two traits into that due to between-
individual vs within-individual (residual) compo-
nents. Secondly, wewere unable to ﬁt sublocation as a
random eﬀect in the models, so it was omitted from
the multivariate analysis. Note however that sub-
location was never signiﬁcant in any of the univariate
models (Table 1), and its eﬀects will be included
in the permanent environment eﬀect (co)variance.
Since LRTs are not advisable with GLMMs with
negative binomial errors in ASReml (Gilmore et al.
2006), signiﬁcance of estimates was assessed based on
their magnitude relative to the standard error.
RESULTS
Summary statistics
Out of the 4032 visits with faecal samples taken from
the 446 live calves that passed the genetic quality
control checks, strongyle eggs were detected in 3071
(76·2%) visits using the McMasters technique. The
overall median number of strongyle EPG of faeces
was 200 EPG (range: 0–12250 EPG). All calves were
infected with strongyle eggs at some point during
their 51 weeks of inclusion in the study. Infection
rates increased up to 16 weeks of age, and then
levelled oﬀ afterwards, with an average of 89·8%
of visits showing non-zero EPG between the ages
of 16–51 weeks, and a median strongyle EPG of 300
EPG (range: 0–12250 EPG). The median strongyle
EPG and the fraction of calves positive at each age are
shown in Figure 1.
Components of variation in strongyle EPG
Additive genetic variance contributed the most (after
residual variance) to the overall variance in strongyle
EPG, resulting in heritable variation in strongyle
EPG in EASZ calves (h2 = 23·9%, S.E. = 11·8%,
Table 1). In contrast, the contribution of permanent
environmental eﬀects to the overall variance was rela-
tively low (4·3%, S.E. = 11·5%, Table 1 and Figure 2).
Strongyle EPG had a repeatability of 31·4%
Fig. 1. Distribution of strongyle EPG (box plots, left-hand axis) and the fraction of calves which tested positive at each
age (right-hand axis). The black heavy solid lines in each box are the median EPG at each age group, the bottom and top
of the box represent the 25th and 95th percentiles, respectively, and the whiskers represent 1·5 times the interquartile
range. Points beyond the whiskers are outliers. Strongyle EPG is transformed as log10(strongyle EPG+50). The solid
grey line represents the fraction of tested calves positive for strongyle eggs at each age.
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(S.E. = 2·2%). In addition, male calves had a higher
strongyle EPG than female calves (eﬀect estimate =
0·23, S.E. = 0·08, P value = 0·01).
Complete removal of the ‘introgressed’ calves from
the study resulted in a lower heritability estimate and
larger standard errors, whilst inclusion of the ET
introgression as a ﬁxed eﬀect did not alter the herit-
ability estimate (with ET introgressed calves in-
cluded h2 = 23·9%, S.E. = 11·8%, N calves = 446;
with ET introgression included as a ﬁxed eﬀect,
h2 = 25·7%, S.E. = 11·9%, N calves = 446; with ET
introgressed calves excluded h2 = 13·3%, S.E. =
13·4%, N calves = 353; see Supplementary Tables 1
and 3).
For comparison of the negative binomial errors
model with models assuming Gaussian errors, we
present analyses of linear mixed models assuming
a normal distribution of log10 (strongyle EPG+50)
in Supplementary Table 4. Both methods produce
similar estimates of heritability of strongyle EPG
although, notably, the standard errors are much
larger with the GLMM.
Components of variation in physiological traits
The age-related proﬁles for the physiological traits
are shown in Supplementary Figure 2 (split accord-
ing to whether the calf had high or low EPG at the
time). WBC, EO and weight all increased with age,
as expected. However, RBC increased rapidly until
6 weeks old and then declined sharply. A decline
from birth in TSP was observed until 21 weeks of age
when TSP started to increase again. These distribu-
tions and the eﬀect of coinfections on WBC are
discussed in Conradie van Wyk et al. (2012) and
(2013), respectively.
Estimates of the variance components and the
heritability of each trait are shown in Table 1. WBC
was the only physiological trait to show evidence for
signiﬁcant VA (LRT: χ
2 = 8·8, D.F. = 1, P= 0·003,
Table 1; h2 = 27·6%, S.E. = 10·6%). There were large
diﬀerences between traits in the proportion of the
total variance (VP) explained by each variance
component: for example, permanent environment
eﬀects explained most (45·9%, S.E. = 19·1%) of the
total variance in body weight, but only a relatively
small proportion of the variance in the other
parameters (7·1–18·5%; Table 1). Weight had the
highest repeatability of 69·9% (S.E. = 1·7%); repeat-
ability otherwise ranged from 11·3% (S.E. = 1·4%) for
EO to 37·2% (S.E. = 2·0%) for WBC.
Associations between strongyle infection and
physiological traits
Eﬀect of strongyle infection on physiological traits.
We found signiﬁcant eﬀects of strongyle infection on
all the physiological traits considered. The impact of
strongyle EPG on every trait at each age is illustrated
in Supplementary Figure 2 and quantiﬁed inTable 2.
Table 2 shows that calves with a higher strongyle
EPG at a given age tended to have a lower RBC, TSP
and EO than those with a lower strongyle EPG.
Furthermore, calves with a high strongyle EPG were
also lighter than those with a lower EPG (by −0·02
log10 (kg); S.E. = 0·03 on average, Table 2). Similar
results were observed when a continuous measure of
EPG (log10 (strongyleEPG+50)) rather than a binary
measure was used as an explanatory variable.
Fig. 2. Percentage of variance explained by each component for all traits investigated. Details of the full model
(including SEs on variance component estimates) are given in Table 1. Strongyle EPG uses an animal model ﬁtted with
a negative binomial distribution model. WBC, white blood cell count (×103μL−1); RBC, red blood cell count
(×106μL−1); TSP, total serum protein (gdL−1); EO, transformed absolute eosinophil count (×103μL−1, log10(EO+1));
body weight, transformed body weight (kg, log10(weight)).
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Does weight at ﬁrst visit predict strongyle infection in
older calves?. Weight at the recruitment visit (when
the calf was less than a week old) was signiﬁcantly
associated with later strongyle EPG: calves that were
lighter at the ﬁrst visit had a higher strongyle EPG
when aged 16–51 weeks old than calves that were
heavier (Table 3). As above, males also had higher
levels of EPG.
Covariances between strongyle EPG and physiological
traits. The individual-level and residual covari-
ances between strongyle EPG and the physiological
traits of interest are shown in Table 4. All traits had a
negative individual-level covariance with strongyle
EPG whilst positive covariances were found amongst
all the blood parameters and weight. This indicates
that an increase in strongyle EPG was associated
with a decrease in blood parameters and weight,
whilst an increase in weight, etc. was associated with
an increase in blood parameters and vice versa.
Comparison of the between-individual vs residual
(within-individual) variance showed that both follow
the same pattern, but that there were higher levels of
between-individual than residual (within-individual)
level correlations.
DISCUSSION
Our analyses of data from zebu calves in Western
Kenya quantiﬁed several sources of variation: ﬁrstly,
in strongyle worm burdens, and secondly in body size
and a suite of haematological parameters that we
anticipated might be aﬀected by strongyle infection.
Measures of associations between strongyle EPG and
the physiological traits were consistently negative,
suggesting a possible cost of increased parasite
burdens. Below, we discuss each of these aspects of
our results in turn.
Components of variation in strongyle EPG
Our results show, ﬁrstly, substantial changes with age
in median levels of strongyle EPG in EASZ calves.
The diﬀerence in median strongyle EPG in youngT
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Table 3. Association between strongyle EPG in
older calves (aged 16–51 weeks old) and the calf ’s
weight at the recruitment visit (calf aged <1 week),
using a univariate animal model.
Variable Estimate S.E. P value
Calf weight at
recruitment (kg)
−0·030 0·012 0·011
Calf sex (eﬀect of
being male)
0·276 0·087 0·006
Calf age (7 factor levels) NA NA 0·185
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(age 1–11 weeks) and old (age 16–51 week) calves is
possibly due to weaning, with calves moving more
once they are weaned and so older calves being at
higher risk of becoming infected due to sampling
more areas. We observe lower median FECs then
might normally be expected for Haemonchus infec-
tions (e.g. compare to Hansen and Perry (1994)).
However, Kanyari et al.’s (2010) study of cattle from
a peri-urban area in a neighbouring area of Western
Kenya (which included exotic breeds) observed a
similar prevalence and mean strongyle EPG (mean =
296, range = 0–8300 EPG (Kanyari et al. 2010) and
Fig. 1 for comparison). Secondly, as in other studies
for example (Hayward et al. (2009) and Moore and
Wilson (2002)); male calves have a higher strongyle
EPG then female calves.
Thirdly, our analyses indicated that strongyle EPG
was heritable (h2 = 23·9%, S.E. = 11·8%). Similar
heritabilities have been observed in feral Soay sheep
lambs on StKilda (h2 = 26%, S.E. = 12%, Beraldi et al.
(2007)) and in Scottish Blackface sheep ewes
(h2 = 23%, S.E. = 9%, (Bishop and Stear, 2001)).
These estimates are from models which included
the same ﬁxed eﬀects of age and sex as used in our
analysis, but they also included additional ﬁxed
eﬀects such as weight and twin status, so direct com-
parisons of heritability need to treated cautiously
(Wilson, 2008). As we have found evidence for the
presence of heritable variation in strongyle EPG, it
may therefore be possible for selection for parasite
resistance to occur. Quantitative trait loci and SNPs
associated with strongyle FEC have been identiﬁed in
Soay sheep (Beraldi et al. 2007) and Blackface lambs
(Riggio et al. 2013), but so far have not yet been tested
for in indigenous African cattle.
Lastly, complete removal of the ‘introgressed’
calves from the study resulted in a lower heritability
estimate and larger standard errors. The decrease in
heritability is possibly due to European introgressed
calves having a higher genetic variance whilst the
larger standards errors are likely to be due to a de-
crease in sample size. Inclusion of the ET intro-
gression as a ﬁxed eﬀect did not alter the heritability
estimate. However, as the focus of the aim of this
study is to describe the components of variation in
strongyle EPG in the study cohort we wish to include
as much variance in the population as possible in the
dataset. Furthermore, the level of ET introgression is
on a continuous scale and the cut-oﬀ to determine
what level of introgression should be excluded is
somewhat arbitrary.
Components of variation in physiological traits
We found evidence for signiﬁcant additive genetic
variation in WBC in our study population (WBC,
h2 = 27·6%, S.E. = 10·6%;VA = 3·1, S.E. = 1·2). This is
in accordance with other analyses of WBC count,
which have found it to be heritable in both humansT
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and pigs (h2 = 35%, S.E. = 9%, Pankow et al. (2001);
h2 = 29%, S.E. = 10%, Clapperton et al. (2009), res-
pectively). None of the other traits investigated
showed evidence for signiﬁcant additive genetic vari-
ation. However, Rowlands et al. (1995) showed that
packed red-cell volume was heritable in zebu
(h2 = 32%, S.E. = 7%, sample size = 936) and body
weight is known to be highly heritable in many other
species, including in amuch larger study of beef cattle
(h2 = 41%; Marshall (1994)). More generally, haema-
tological parameters are highly heritable in humans,
for example haemoglobin levels, RBC, WBC and
platelet numbers have heritability estimates of 37, 42,
62 and 57%, respectively (Garner et al. 2000). The
diﬀerence with our results may reﬂect limited statis-
tical power. In addition, agemaybeplaying an impor-
tant role in determining the overall (co)variance seen,
as heritability (of for example weight and hindleg
length in Soay sheep) changes with age (Wilson et al.
2007). Furthermore, all of these traits are likely to
be polygenic, and so are inﬂuenced by many loci of
small eﬀect (Goddard and Hayes, 2009), and so it is
unlikely that all of the causal loci were detected given
the low linkage disequilibrium in EASZ (see below).
Possible biases in heritability estimation
Using our SNP data, we have demonstrated here that
it is possible to estimate the heritability of select traits
without the need for pedigree information or even the
presence of close relatives. We found evidence of
heritable variation in strongyle EPG and in WBC.
However, it is worth noting that our estimates may be
slightly lower than the true heritability because of the
ascertainment bias of the SNP chip (Matukumalli
et al. 2009). Additionally, in the absence of close
relatives (such as in our study sample, as all the calves
had diﬀerent mothers and the average genomic rela-
tedness from the IBS matrix ranged from −0·02
to 0·24, and only 9 pairs of calves out of the 446
individuals had a genomic estimate of relatedness
greater than 0·15), the heritability estimated is deter-
mined by the variance explained by causal variants
that are in linkage disequilibrium with the genotyped
SNPs (Yang et al. 2010). Mbole-Kariuki et al. (2014)
showed that EASZ have lower levels of average
linkage disequilibrium between adjacent SNP pairs
on the SNP chip than other cattle breeds (Nelore
and N’dama cattle). Therefore the residual related-
ness (i.e. between two ‘unrelated’ individuals) is
low; consequently unrelated individuals (by known
pedigree) will only share very short proportions of
the genome. Furthermore, as marker density in-
creases, our estimate of heritability also increased
(Supplementary Table 2). These factors suggest that
our estimates of heritability may be lower than those
which would be estimated using more closely related
individuals and more dense markers (Yang et al.
2011; Bérénos et al. 2014). Similarly, Robinson et al.
(2013) found marker-based estimates to be as low as
60% of the value of pedigree-based estimates of herit-
ability of wing length in a wild bird population.
As such, the estimates presented here should be
taken as lower limits on the true estimates of herit-
ability of the diﬀerent traits in this population, which
may also explain why we did not ﬁnd signiﬁcant
heritability for body weight (h2 = 19·6% S.E. =
19·2%), a trait which is commonly found to have
signiﬁcant additive variance. However, conversely,
use of known relatives can result in an overestimation
of the true heritability as relatives may share non-
additive eﬀects such as dominance, epistasis and
shared environmental conditions, which may then
confound estimates of similarity due to genetic eﬀects
if not adequately accounted for (Kruuk andHadﬁeld,
2007). Since our study does not include close rela-
tives, our estimates will not be aﬀected by this issue.
Care needs to be taken in distinguishing additive
genetic eﬀects from other sources of variance in this
analysis as maternal or shared environment eﬀects
may be important. The IDEAL dataset has infor-
mation on only one calf per mother; therefore we
cannot estimate maternal eﬀects explicitly. However,
this data structure alsomeans thatmaternal eﬀects are
less likely to confound estimates of additive genetic
variance, as the most usual scenario is that covariance
between full-sibs or maternal half-sibs due to ma-
ternal eﬀects is mistaken for additive genetic eﬀects
(Kruuk andHadﬁeld, 2007). Anymaternal eﬀects are
most likely to be contained in the permanent environ-
ment eﬀect variance; however, there is also the possi-
bility that if the maternal eﬀects themselves are to any
extent genetically based and if related mothers are in
the same sublocation, they may also contribute to the
sublocation variance. Note however that all calves
were from diﬀerent farms, so very immediate local
eﬀects will not be generating any covariance between
individuals.
It is also worth pointing out that our estimates had
relatively large standard errors, especially for the
parameters associated with additive genetic eﬀects.
Thismay be a result of the relatively small sample size
(446 individuals) and a lack of relatedness structure
between calves, though our sample sizes are relatively
standard for similar analyses on wild animal popu-
lations (e.g. sample sizes are between 306–576 Soay
sheep (Coltman et al. 2001) and 333–634 red deer
(Clements et al. 2011) for some heritability estimates
on wild mammal populations).
Associations between strongyle infection and
physiological traits
Previous work on this study population has also
found associations between EPG and other key com-
ponents of individual phenotypes, speciﬁcally sur-
vival rates and body size (Thumbi et al. 2013a, b).
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Thus strongyle EPG has a major impact on life
history in this population. We have added to this
information the contribution of the diﬀerent com-
ponents of variance in each of these traits, and the
observation that birth weight predicts subsequent
worm infection.
Calves with a higher strongyle EPG tended to have
lower mean EO, WBC, RBC and TSP than those
with fewer eggs: these associations applied both to
average values across all observations on a calf (the
‘individual-level’ covariances in Table 4), and within
each visit (‘residual’ covariances in Table 4). Some
strongyle species, such as H. placei, are important
causes of anaemia in cattle (Kaufmann et al. 1992).
Since anaemia is deﬁned as an erythrocyte count,
haemoglobin concentration or packed cell volume
below the reference value for that species (Jain, 1993),
it is expected that RBC will decrease in association
with strongyle infection, as we observed in this study.
Furthermore, as some strongyles such asH. placei are
blood sucking parasites, a reduction in all blood para-
meters at the same time is likely to be due to total
blood loss in calves with high burdens. The loss in
TSP will probably also contribute to the reduction in
weight. Meanwhile, the negative association between
EO and strongyle EPG could be explained by EO
having been implicated in the resistance to infection
in ruminants. For example, Bricarello et al. (2007)
found a negative association between nematode FEC
and blood eosinophil counts in Nelore-breed cattle.
Calves that were lighter weight at less than 1 week
old had a higher strongyle EPG than heavier calves
when they are aged 16–51 weeks old. In a study of
humans, Raqib et al. (2007) observed altered immune
function in low birth weight babies which may in-
crease vulnerability to infection later in life. Alterna-
tively, the association could be generated by
correlations of both early weight and subsequent
strongyle infection with some other unmeasured
aspect of individual condition, without requiring
any causal component. It is also possible that lighter
calves may be eating less and therefore might be
expected to have lower intensities of infection, due to
sampling fewer areas, but we observe the opposite
direction of eﬀect, with lighter calves having a higher
strongyle EPG. However we did not monitor the
calves’ consumption of food during the study so
cannot investigate this further.
Concluding remarks
To conclude, in this study we have used relationship
matrices reconstructed from SNP genotypes to
demonstrate evidence for heritable variation in
strongyle EPG in EASZ. We also found signiﬁcant
additive genetic variation in WBC. All additional
traits investigated showed negative phenotypic co-
variances with strongyle EPG throughout the ﬁrst
year: high strongyle EPG was associated with low
WBC, RBC, TSP, and EO.Weight at 1 week old was
signiﬁcantly associated with strongyle EPG at 16–51
weeks: smaller calves had a higher strongyle EPG
later in life. Our results indicate that additive genetic
variation in strongyle EPG is present in this popu-
lation, and that strongyle EPG is associated with
variation in other important variables. Further inves-
tigation is needed to understand the physiological
mechanisms of the interactions between strongyle
EPG and haematological parameters that allow
EASZ calves to tolerate a high strongyle EPG.
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